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TRELLIS CODED MODULATION TAILS 
CROSS REFERENCE TO RELATED APPLICATIONS 

5 

The present application claims priority under 35 U.S.C. § 119(e) to provisional 
Application No. 60/272182, filed February 28, 2001, entitled "TRELLIS CODED 
MODULATION TAILS" which is expressly incorporated herein by reference as though fully set 
forth in full. 

10 

FIELD OF THE INVENTION 

The present invention relates to telecommunication systems, and in particular, to Trellis 
J: tails appended at the end of frames of Trellis Coded Modulation encoded information. 

jii5 

i BACKGROUND 

H Communication systems are used for transmission of information from one device to 

another. The devices included in the communication system typically have either a transmitter, 
□ a receiver, or both. Before transmission, information is encoded by a transmitter' s encoder into 
11 a format suitable for transmission over a communication channel. The communication channel 
^ may be a transmission line or the free space between the transmitting device and the receiving 
J device. As the signal propagates through the communication channel, the transmitted signal is 
distorted by imperfections in the channel. Furthermore, the signal experiences degradation from 
noise and interference picked up during transmission. After the receiver receives the encoded 
information, it is decoded and translated into its original pre-encoded form. Both the transmitter 
and receiver are designed to minimize the effects of channel imperfections, noise, and distortion. 

One widely used method of reducing the effects of channel imperfections, noise, and 

an 

distortion in high speed communication systems is encoding digital information using Trellis 
Coded Modulation (TCM). TCM encoding schemes assign a coded binary value to digital 
information signals input to the transmitter's encoder. The coded binary value is determined 
based upon the bits that make up the information signal and the bits that represent the current 
state of a finite state machine (FSM), an electronic circuit that implements a restricted sequence 

35 

of states, included in the transmitter's encoder. Thus, the TCM encoder generates a restricted 
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sequence of coded binary values based on the FSM's states. Since the TCM encoding scheme 
is dependent upon an FSM, the complexity of encoding scheme depends upon the number of 
states supported by the particular FSM. 

The device that receives the encoded information includes a receiver having a Maximum 
Likelihood Sequence Decoder (MLSD) which may be, for example, a Viterbi decoder. The 
receiver receives the encoded information and analyzes it using the MLSD. The MLSD 
compares the received encoded information to all of the possible encoding sequences that could 
be generated by the transmitter's encoder and then decides what was the most likely sequence 
sent by the encoder. The MLSD then decodes the encoded information based upon the most 
likely sequence. 

Digital information that passes through a communication system can vary in length. 
Encoded digital information is grouped into strings of bits called frames. In some 
communication systems the number of bits included in each frame is fixed, while in others the 
number of bits is variable. TCM is equally suitable for encoding data organized in frames of 
fixed or variable lengths. Also, TCM can be equally applied to both burst transmissions or 
continuous-type transmissions. 

Included in a typical frame of TCM encoded information constituting a burst transmission 
is; a preamble, a data payload, a cyclic redundancy code (CRC), and a Trellis tail. The preamble 
is a string of bits sent by the transmitter that are also stored in the receiver. The receiver 
compares the received preamble to the stored preamble, and via this comparison, determines 
information related to the channel, i.e., gain control information, carrier-frequency offset 
information, signal timing adjustment information, and channel estimation information that is 
utilized by the receiver when decoding the received signal. The data payload is the encoded 
version of the information that was input to the transmitter's encoder. The CRC is used to 
determine if any of the bits transmitted in the frame of data were received in error. The CRC is 
the remainder generated by dividing a polynomial that represents the entire frame of information 
by a divisor stored in the encoder. The receiver takes the received frame and again represents it 
as a polynomial and divides the polynomial by the same divisor stored in the encoder. Next, the 
receiver compares the resulting remainder with the CRC and determines if the received signal 
is in error. 



1 



41996/CAG/B600 



As stated previously, the receiver's MLSD decodes the encoded information based upon 
a determination of the most likely sequence of states used to encode the information. In order 
for the MLSD to work properly for all of the encoded information in the frame, the frame has to 
end at a known state. Thus, for burst transmissions, the MLSD may not be able to accurately 
decode the encoded information. In order to avoid this problem associated with burst 
transmissions, each frame of transmitted information includes a string of bits called a "Trellis 
tail" that is appended at the end of each frame. The bits that make up the Trellis tail are merely 
used to make sure that the MLSD is provided with a sequence that ends at a known state, thus, 
facilitating accurate decoding. 

The string of bits that make up the Trellis tail can differ significantly depending upon the 
type of encoder used, the number of FSM states utilized by the encoder, and the known ending 
state of the sequence. Because the Trellis tail may be implemented in many different ways, the 
string of bits that make up the Trellis tail must be stored in memory and later accessed during the 
encoding and decoding processes. Therefore, in general, TCM encoding schemes used for burst 
transmissions have the distinct disadvantage of requiring dedicated memory for storage of the 
bits that make up the Trellis tail. 

SUMMARY 



In one aspect of the present invention, an encoder includes a state machine configured to 
f generate a plurality of state bits, and an interface configured to couple an input relating to one 
of the state bits into the state machine during a time period. 

25 

In another aspect of the present invention, an encoder includes state generation means for 
generating a plurality of state bits, and interface means for coupling an input relating to one of 
the state bits into the state generation means during a time period. 

30 

In yet another aspect of the present invention, a transmitter having an encoder having, a 
state machine configured to generate a plurality of state bits, and an interface configured to 
couple an input relating to one of the state bits into the state machine during a time period, and 
an RF stage coupled to the encoder. 

35 
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In a further aspect of the present invention, a transmitter including an encoder having, 
state generation means for generating a plurality of state bits, and interface means for coupling 
an input relating to one of the state bits into the state generation means during a time period, and 
an RF stage coupled to the encoder. 

In yet a further aspect of the present invention, a encoder includes a state machine 
configured to generate a state, and an interface configured to serially couple an input relating to 
a binary representation of the state into the state machine during a time period. 

In another aspect of the present invention, an encoder includes state generation means for 
generating a state, and interface means for serially coupling an input relating to a binary 
representation of the state into the state machine during a time period. 

In yet another aspect of the present invention, a method of generating a signal includes 
generating a payload as a function of a state machine output, generating a tail as a function a 
binary representation of the state machine output at the end of the payload generation, and 
appending the tail to the payload. 

It is understood that other aspects of the present invention will become readily apparent 
to those skilled in the art from the following detailed description, wherein is shown and described 
only exemplary embodiments of the invention, simply by way of illustration of the best mode 
contemplated for carrying out the invention. As will be realized, the invention is capable of other 
and different embodiments, and its several details are capable of modifications in various obvious 
respects, all without departing from the invention. Accordingly, the drawings and description 
are to be regarded as illustrative in nature, and not as restrictive. 

DESCRIPTION OF THE DRAWINGS 

These and other features, aspects, and advantages of the present invention will become 
better understood with regard to the following description, appended claims, and accompanying 
drawings where: 

FIG. 1 is a block diagram of a transmitter having a TCM encoder in accordance with an 
exemplary embodiment of the present invention; 
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FIG. 2 is a diagram of a data structure including a Trellis tail in accordance with an 
exemplary embodiment of the present invention; 

FIG. 3 is a block diagram of a TCM encoder having a 4-state FSM in accordance with an 
exemplary embodiment of the present invention; 

FIG. 4 is a state table for the 4-state FSM depicted in FIG. 3 in accordance with an 
exemplary embodiment of the present invention; 

FIG. 5 is a Trellis diagram for the 4-state FSM depicted in FIG. 3 in accordance with an 
exemplary embodiment of the present invention; 

FIG. 6 is a block diagram of a TCM encoder having an 8-state FSM in accordance with 
an exemplary embodiment of the present invention; 

FIG. 7 is a state table for the 8-state FSM depicted in FIG. 6 in accordance with an 
exemplary embodiment of the present invention; 

FIG. 8 is a Trellis diagram for the 8-state FSM depicted in FIG. 6 in accordance with an 
exemplary embodiment of the present invention; 

FIG. 9 is a Trellis diagram of a Trellis tail for the 4-state FSM depicted in FIG. 3 in 
accordance with an exemplary embodiment of the present invention; 

FIG. 10 is a table of the bits constituting the Trellis tail of FIG. 9 in accordance with an 
exemplary embodiment of the present invention; 

FIG. 1 1 is a block diagram of a TCM encoder with feedback having an 4-state FSM in 
accordance with an exemplary embodiment of the present invention; 

FIG. 12 is a Trellis diagram of a Trellis tail for the 4-state FSM depicted in FIG. 1 1 in 
accordance with an exemplary embodiment of the present invention; 
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FIG. 1 3 is a table of the bits constituting the Trellis tail of FIG. 12 in accordance with an 
exemplary embodiment of the present invention; 

5 FIG. 14 is a Trellis diagram of a Trellis tail for the 8-state FSM depicted in FIG. 6 in 

accordance with an exemplary embodiment of the present invention; 

FIG. 15 is a table of the bits constituting the Trellis tail of FIG. 14 in accordance with an 
exemplary embodiment of the present invention; 

10 

FIG. 1 6 is a block diagram of a TCM encoder with feedback having an 8-state FSM in 
accordance with an exemplary embodiment of the present invention; 

FIG. 17 is a Trellis diagram of a Trellis tail for the 8-state FSM depicted in FIG. 16 in 
^ accordance with an exemplary embodiment of the present invention; and 

FIG. 1 8 is a table of the bits constituting the Trellis tail of FIG, 1 7 in accordance with an 
exemplary embodiment of the present invention. 

20 DETAILED DESCRIPTION 



FIG. 1 is a block diagram that illustrates an exemplary embodiment of a comunications 
system. In particular, FIG. 1 illustrates a data source 10, a control information source 12, and a 
transmitter 14. The transmitter includes a CRC generator 16, a TCM encoder 18, a transmit 
control unit 20, a preamble generator 22, a switch 24, and an RF stage 26. The data source is 
coupled to the CRC generator. The CRC generator is coupled to the TCM encoder. The TCM 
encoder is coupled to the RF stage via the switch which may be a multiplexer. The control 
information source is coupled to the transmit control unit which in turn is coupled to the CRC 
generator, the TCM encoder, the preamble generator, and the switch. Furthermore, the preamble 
generator is coupled to the switch. 

Referring additionally to FIG. 2, an exemplary data structure that can be generated via the 
transmitter 14 of FIG. 1, in operation, the control information source 12 sends control 
information signals to the transmit control unit 20. The transmit control unit converts the control 
information signals into signals that are sent to the CRC generator 16, the TCM encoder 1 8, the 
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preamble generator 22, and the switch 24. Next, the data source 10 sends a string of bits called 
a data payload 28 to the CRC generator which generates a string of bits, called the CRC 30. The 
CRC generator appends the string of bits that comprise the CRC to the string of bits that 
comprise the data payload and sends the entire string of bits to the TCM encoder. The TCM 
encoder encodes the entire string of bits and appends another string of bits called a "Trellis tail" 
32, which will be discussed in greater detail later in this detailed description. The string of bits 
that make up the data payload, CRC, and Trellis tail are fed into one of the switch inputs. Also, 
the transmit control unit sends signals to the preamble generator which generates another string 
of bits called a preamble 34. The preamble is fed into the other input of the switch. The switch 
under the control of the transmit control unit sequentially selects the string of bits that make up 
the preamble followed by the string of bits that comprise the data payload, CRC, and Trellis tail. 
The resulting string of bits, including the preamble, data payload, CRC, and Trellis tail is called 
a frame 36 which is sent to the RF stage 26 where the string of bits is modulated with a radio 
frequency signal prior to transmission. 



FIG. 3 is a block diagram that illustrates an exemplary embodiment of a TCM encoder 
18, The TCM encoder generates a double-bit encoded output signal comprised of bits Z n 1 and Z n ° 
which are transmitted from the transmitter 14. The 4-state FSM can be implemented using two 
single-bit wide delay registers 42 and 44 and an adder 46. Each single-bit wide delay register 
delays the signal input to the delay register by one clock cycle, represented by the letter "T " FIG. 
3 also shows the bits S n l and S n ° that represent the current state of the 4-state FSM. S n * is the 
most significant bit and S n ° is the least significant bit of the current state. 

In operation, a single-bit data signal X n °, that is part of the data payload 28, is fed into the 
TCM encoder 38. The input signal bit X n ° also becomes the most significant bit Z n * of the 
encoded output signal. Also, the least significant output bit Z n ° equals the least significant 
current state bit S n ° which the 4-state FSM 40 equates to the sum of the input bit X n ° and the most 
significant current state bit S n * delayed by one clock cycle as a result of the single-bit wide delay 
register 44. Furthermore, the S n ! bit equals the S n ° bit delayed by one clock cycle as a result of 
the single-bit wide delay register 42. 



FIG. 4 is a table which lists the current state bits 50 of the 4-state FSM 40 represented by 
S n 1 and S n °, the input signal bit 52 represented by X^, the output signal bits 54 represented by Z n l 
and Z n °, and the next state bits 56 of the 4-state FSM represented by S n+l l and S n+1 °. In operation, 
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the 4-state FSM generates its next state, represented by bits S n+l ] and S n+1 °, based upon the input 
signal bit X„ 0 and the bits S n l and S n ° that represent the current state of the 4-state FSM. For 
example, if the current state of the 4-state FSM as reflected by bits S n ! and S n ° is {1 0}, and the 

^ input signal bit X n ° is { 1 }, the output signal bits Z n l and Z n ° are { 1 0}, and the next state of the 
4-state FSM reflected by bits S n+1 ! and S n+1 ° is {0 0}. FIG. 4 also indicates the limitations on 
change of state within the 4-state FSM from the current state represented by bits S n l and S n ° to 
the next state represented by bits S n+l l and S n+1 °. For example, if the current state of the 4-state 
FSM is {0 0}, then the next state can only be {0 0} if the input signal bit X n ° is {0} , or {0 1 } if 

1 0 the input signal bit X n ° is { 1 } . 

The limitation on the change of state in the 4-state FSM 40 is further represented in the 
Trellis diagram shown in FIG. 5. In FIG. 5, each of the states of the 4-state FSM is given a 
separate alphanumeric identifier comprised of the letter "S" and a decimal number which equals 
^ the binary representation of the state. The identifier SO 58 is assigned to state {0 0}, the 
identifier SI 60 is assigned to state {0 1 }, the identifier S2 62 is assigned to state {10}, and the 
identifier S3 64 is assigned to state {11}. 

Starting from the left-hand side of FIG. 5, adjacent to the alphanumeric identifiers, is the 

20 

first vertical column of dots which represent the states of the 4-state FSM 40 at time T 0 . Moving 
to the right, the next vertical column of dots represents the states of the 4-state FSM at time T } 
which is one clock cycle after T 0 . Similarly, the next vertical column of dots to the right 
represents the states of the 4-state FSM at time T 2 which is two clock cycles after T 0 . The 
vertical column of dots furthest to the right in FIG. 5 represent the states of the 4-state FSM at 
time T 3 which is three clock cycles after T 0 . The three dots in the lower right-hand corner of FIG. 
5 indicate that the Trellis diagram can be extended for more than three clock cycles. 

Each line drawn between any two of the dots in FIG. 5 represents an allowable transition 
between states for the 4-state FSM 40. For example, the line drawn between the dot at the top 

30 

of the column at time T 0 and the dot at the top of the column at time T x represents a transition 
between state SO 58 and SO. A further example is the line drawn between the dot which is 
second from the top of the column at time T 0 and the dot at the bottom of the column at time Tj 
which represents a transition from state SI 60 to state S3 64. 
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Similar to the 4-state FSM 40 previously discussed, FIG. 6 is a block diagram that 
illustrates an exemplary embodiment of a TCM encoder 1 8 having an 8-state FSM 68. The TCM 
encoder generates a triple-bit output signal comprised of bits Z n 2 , Z n \ and Z n ° which are 
transmitted from the transmitter 1 4. The 8-state FSM can be implemented using three single-bit 
wide delay registers 70, 72, and 74 and two adders 76 and 78. Each single-bit wide delay register 
delays the signal input to the delay register by one clock cycle designated by the letter "T FIG. 
6 also shows the bits S n 2 , S n 1 , and S n ° that represent the current state of the 8-state FSM. S n 2 is 
the most significant bit and S n ° is the least significant bit of the current state. 

10 

In operation, a double-bit data signal comprising X n * and X n °, that is part of the data 
payload 28, is fed into the TCM encoder. The most significant input signal bit X n l becomes the 
most significant bit Z n 2 of the output signal. Also, the input signal bit X n ° becomes the output 
signal bit Z n x . The least significant output bit Z n ° equals the least significant current state bit S n °. 
* 5 The 8-state FSM 68 equates the least significant current state bit S n ° to the sum of the least 
significant input bit X n ° and current state bit S n * delayed by one clock cycle as a result of the 
single-bit wide delay register 74. The 8-state FSM equates the S n * bit to the sum of the most 
significant input bit X n ! and current state bit S n 2 delayed by one clock cycle as a result of the 
single-bit wide delay register 72. Furthermore, the current state bit S n 2 equals the current state 
bit S n ° bit delayed by one clock cycle as a result of the single-bit wide delay register 70. 



FIG. 7 is a table which lists the current state bits 84 for the 8-state FSM 68 represented 
by S n 2 , S n \ and S n °, the input signal bits 86 represented by X^ and X n °, the output signal bits 88 
represented by Z n 2 , Z n ! , and Z n °, and the next state bits 90 for the 8-state FSM represented by 
S n +i 2 > Sn+t 1 , and S n+1 °. In operation, the 8-state FSM shown in FIG. 6 generates its next state 
represented by bits S n+1 2 , S^ 1 , and S n+1 ° based upon the input signal bits X n ] and X n ° and the 8- 
state FSM's current state represented by bits S n 2 , S n \ and S n °. For example, if the current state 
of the 8-state FSM as represented by bits S n 2 , S n \ and S n ° is { 1 0 0}, and the input signal bits X n ] 
and X n ° are {1 0}, the output signal bits Z n 2 , Z n \ and Z n ° are {1 0 0} and the next state bits are 
S n+1 2 , S n+1 ] , and S n+1 ° are {0 0 0}. FIG. 7 also indicates the limitations on change of state from 
the current state represented by bits S n 2 , S n ! , and S n ° to the next state represented by bits S n+1 2 , 
S n+1 ! , and S n+I °. For example, if the current state is {0 0 0}, then the next state can only be {0 0 
0}, if the input signal bits X,/ and X n ° are {0 0}, {0 0 1 } when the input signal bits X n 1 and X n ° 
are {0 1 }, {0 1 0} when the input signal bits X n 1 and X^ are { 1 0}, or {0 1 1 } if the input signal 
bitsX n ' andX n °are {1 1}. 
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The limitation on the change of state in the 8-state FSM 68 is further represented by the 
Trellis diagram shown in FIG. 8. Analogous to FIG. 5, each of the 8 states of the 8-state FSM 
in FIG. 8 is given an alphanumeric identifier comprised of the letter "S" and a decimal number 
which equals the binary representation of the state. The identifier SO 92 is assigned to state {0 

0 0}, the identifier SI 94 is assigned to state {0 0 1 }, the identifier S2 96 is assigned to state {0 

1 0}, the identifier S3 98 is assigned to state {01 1}, the identifier S4 100 is assigned to state {1 
0 0}, the identifier S5 102 is assigned to state {1 0 1 }, the identifier S6 104 is assigned to state 
{110}, and the identifier S7 106 is assigned to state {111}. 

Starting from the left-hand side of FIG. 8, the first vertical column of dots, adjacent the 
identifiers, represents the states of the 8-state FSM 68 at time T 0 . Moving to the right, the next 
vertical column of dots represents the states of the 8-state FSM at time Tj which is one clock 
cycle after T 0 . Similarly, the next vertical column of dots to the right represents the states of the 
8-state FSM at time T 2 which is two clock cycles after T 0 . The vertical column of dots furthest 
to the right in FIG. 8 represents the states of the 8-state FSM at time T 3 which is three clock 
cycles after T 0 . The three dots in the lower right-hand corner of FIG. 8 indicate that the Trellis 
diagram can be extended to more than three clock cycles. 

Each line drawn between any two of the dots in FIG. 8 represents an allowable transition 
between states for the 8-state FSM 68. For example, the line drawn between the dot at the top 
of the column at time T 0 and the dot at the top of the column at time T x represents a transition 
between state SO 92 and SO. A further example is the line drawn between the dot second from 
the top of the column at time T 0 and the dot at the bottom of the column at time T x which 
represents a transition from state SI 94 to state S7 106. 

As stated previously, in order for a receiver to accurately decode burst transmissions of 
TCM encoded information, the MLSD should receive a completed sequence of states. This is 
accomplished by means of a string of bits that comprise the "Trellis tail" 32 that is appended at 
the end of the frame 36 as shown in FIG. 2. The described exemplary embodiment is directed 
to a Trellis tail for burst transmissions of information encoded by a TCM encoder 18 having a 
2 p -state FSM, where p is any integer greater than one. 

The following discussion applies the described exemplary embodiment to a TCM 
encoding scheme utilizing a 4-state FSM 40. As stated previously, FIG. 5 illustrates the Trellis 
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diagram for a 4-state FSM based on the state transitions given in FIG. 4. SO 58, SI 60, S2 62, 
and S3 64 represent the current states of the 4-state FSM denoted by {0 0} , {0 1 } , { 1 0} , and { 1 
1 }, respectively, as listed in FIG. 4. After examining FIG. 5, one notices that there are various 
ways to bring the Trellis code to a known final state. Specifically, any one of the states; SO, SI, 
S2, or S3 can be chosen as the final state. Furthermore, a variety of different state transitions can 
be selected to bring the 4-state FSM to any one of the known final states. 

FIG. 9 is a Trellis diagram showing one embodiment for a TCM encoding scheme 
implementing a 4-state FSM 40. Similar to FIG. 5, the allowable transitions between states of 
the 4-state FSM are designated by lines. The Trellis tail 108 that constitutes this embodiment 
is represented by the state transitions between times T, and T 2 , and also between times T 2 and T 3 . 

The methodology for selecting the state transitions in this embodiment for a 4-state FSM 
40 is described as follows. If the current state of the 4-state FSM, at time T„ includes an even 
number, i.e., SO 58 or S2 62, then the first transition, ending at time T 2 , is made to state SO and 
the second transition, ending at time T 3 , is made to state SO again. If the current state of the 4- 
state FSM, at time T„ includes an odd number, i.e., SI 60 or S3 64, then the first transition, 
ending at time T 2 , is made to state S2 and the second transition ending at time T 2 is made to state 
SO. In this manner, the Trellis tail 108 appended at the end of the frame 36 always ends the 
frame at the known state SO. 



FIG. 10 is a chart that lists the current state 1 10 of the 4-state FSM 40 at time T 1? i.e., at 
the end of the pay load. FIG. 10 further shows the first input bit X n ° 1 12 of the Trellis tail 108 
that is input to the TCM encoder and the second input bit X n ° 1 14 of the Trellis tail that is input 
to the TCM encoder to force the end of the Trellis tail to the known state SO. FIG. 1 0 illustrates 
a generalized concept that can be exploited to implement at least one embodiment of the TCM 
encoder. That is, regardless of the state of the 4-state FSM at T u if the binary representation of 
that state is used as serial input bits to the TCM encoder, the end of the Trellis tail will be forced 
to the known state SO in two clock cycles. By way of example, if the state of the 4-state FSM at 
Tj is S 1 , then the end of the Trellis tail can be forced to the known state SO by using the binary 
representation of that state {0,1} as the serial inputs to the TCM encoder. Specifically, at time 
T x , X n ° is forced to a value corresponding to the MSB of the binary representation of the state S 1 
{0}, and at time T 2 , X n ° is forced to a value corresponding to the LSB of the binary representation 
of the state SI {1}. 
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The precise implementation for controlling the inputs to the TCM encoder can take on 
various forms depending on the specific application and overall design constraints. An 
exemplary embodiment of a TCM encoder that controls the inputs accordingly is shown in FIG. 
^ 11. The exemplary TCM encoder 1 15 is a 4-state FSM 1 17 with feedback. The TCM encoder 
115 generates a double-bit encoded output signal comprised of bits Z n l and Z n ° which are 
transmitted from the transmitter 14. The 4-state FSM 1 17 can be implemented using two single- 
bit wide delay registers 1 1 9 and 1 2 1 5 an interface 1 23 . Each single-bit wide delay register delays 
the signal input to the delay register by one clock cycle, represented by the letter "T." FIG. 1 1 

* ® also shows the bits S n ! and S n ° that represent the current state of the 4-state FSM. S n l is the most 

significant bit and S n ° is the least significant bit of the current state. 

In operation, a single-bit data signal D n ° , that is part of the data payload, is fed into the 
interface 125. In the described exemplary, the interface can be a switch, however, as those 

* ^ skilled in the art will recognize, the interface can be implemented in any fashion in accordance 

with the general principles described herein. The switch is controlled by SELECTO, a signal sent 
from the transmit control unit 20. Also, bit S n ! is fed into the other input of the switch. When 
SELECTO is logic level low, the data signal bit D n ° is fed through the switch becoming input 
signal bit X n °. In contrast, when SELECTO is logic level high, bit S n ! is selected to pass through 
20 the switch. As shown FIG. 1 1 , the input signal bit X n ° also becomes the most significant bit Z n * 
of the encoded output signal. Also, the least significant output bit Z n ° equals the least significant 
current state bit S n ° which the 4-state FSM 117 equates to the sum of the input bit X n ° and the 
most significant current state bit S n l delayed by one clock cycle as a result of the single-bit wide 
delay register 121. Furthermore, the S,, 1 bit equals the S n ° bit delayed by one clock cycle as a 
result of the single-bit wide delay register 119. 

In this embodiment, the most significant bit S n ! of the current state is fed back into the 
TCM encoder and selected as the next input signal bit X n ° (in FIG. 9, the value of the input signal 
bit X n ° is shown adjacent each line representing a transition between states). Thus, in this 
embodiment, the Trellis tail 1 08 is created by merely feeding back the most significant bit of the 
current state bits as the first input signal bit to generate the next state, and then feeding back the 
most significant bit of the next state bits as the second input signal bit. In this manner, no matter 
what state the 4-state FSM is in at time Tj the TCM encoder's 4-state FSM winds up in state SO 
58 after two clock cycles, as shown in FIG. 9. 

35 
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FIG. 12 is a Trellis diagram showing a Trellis tail that is an alternative embodiment for 
a TCM encoding scheme using a 4-state FSM . In this embodiment, instead of feeding back the 
most significant bit S n ! of the current state into the TCM encoder with feedback 38 as the next 

^ input signal bit X n °, as was the case in the Trellis diagram shown FIG. 9, the complement of 
current state bit S n ! is fed into the TCM encoder with feedback and selected as the next input 
signal bit X n ° (in FIG. 12, the input signal bit X n ° is shown adjacent each line representing a 
transition between states). Thus, in this embodiment, the Trellis tail is created by merely feeding 
back the complement of the most significant bit of the current state bits as the first input signal 

^ to generate the next state bits, and then feeding back the complement of the most significant bit 
of the next state bits as the second input signal bit. In doing so, the 4-state FSM winds up in state 
S3 64 after two clock cycles no matter what state the 4-state FSM is in at time T v Thus, in this 
embodiment, if the current state of the 4-state FSM includes an even number, i.e., SO 58 or S2 
62, at time T ls then the 4-state FSM transitions to state S 1 60 at time T 2 and then transitions to 

1 ^ state S3 at time T 3 . Also, if the current state of the 4-state FSM includes an odd number, i.e., S 1 
or S3, at time T 1? then the 4-state FSM transitions to state S3 at time T 2 and then transitions again 
to state S3 at time T 3 . In this manner, the TCM encoder's 4-state FSM winds up in state S3 after 
two clock cycles regardless of the state of the 4-state FSM at time T x . 

^ As was the case in FIG. 1 0, FIG. 1 3 is a chart that lists the current state 1 1 0 of the 4-state 

FSM 40 at time T„ the first input bit X n ° 112 of the Trellis tail 118 that is input to the TCM 
encoder 38 at time T l5 and the second input bit X n ° 114 of the Trellis tail that is input to the 
encoder at time T 2 . FIG. 12 illustrates that regardless of the state of the 4-state FSM at T u if the 
complement of the binary representation of that state is used as serial input bits to the TCM 
^ encoder, the end of the Trellis tail will be forced to the known state S3 in two clock cycles. By 
way of example, if the state of the 4-state FSM at T x is SI, then the end of the Trellis tail can be 
forced to the known state S3 by using the compliment of he binary representation of that state 
{ 1 ,0} as the serial inputs to the TCM encoder. Specifically, at time T 1? X n ° is forced to a value 
corresponding to the MSB of the complement of the binary representation of the state SI {1}, 
and at time T 2 , X n ° is forced to a value corresponding to the LSB of the compliment of the binary 
representation of the state SI {0}. 
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The described exemplary embodiment can also be applied to a TCM encoder 127 using 
an 8-state FSM. FIG. 14 is a Trellis diagram showing a Trellis tail 122 for the described 
exemplary TCM encoder utilizing an 8-state FSM. As is the case in the other Trellis diagrams, 
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the allowable transitions between states are designated by lines. The Trellis tail that constitutes 
this embodiment for an 8-state FSM is represented by the transitions between times T x and T 2 , 
and the transitions between times T 2 and T 3 . 

The methodology for selecting the state transitions in this embodiment for an 8-state FSM 
68 is described as follows. If the current state of the 8-state FSM at time T x includes an even 
number, i.e., SO 92, S2 96, S4 1 00, or S6 1 04, then the first transition of the 8-state FSM, ending 
at time T 2 , is to state SO, and the second transition, ending at time T 3 , is made to state SO again. 
If the current state includes an odd number, i.e., SI 94, S3 98, S5 102, or S7 106, then the first 
transition, ending at time T 2 , is made to state S4 and the second transition, ending at time T 3 , is 
made to state SO. In this manner, the Trellis tail 122, appended at the end of frame 36, always 
returns the TCM encoder's 8-state FSM to the known state SO after two clock cycles. 



FIG. 15 is a chart that lists the current state 124 of the 8-state FSM 68 at time T ]5 the first 
input bits X n * and X„ 0 126 of the Trellis tail 122 that are input to the TCM encoder with feedback 
66 at time T 1? and the second input bits X n J and X n ° 128 of the Trellis tail that are input to the 
TCM encoder with feedback at time T 2 . FIG. 1 5 illustrates a variation of the generalized concept 
discussed previously in connection with FIG. 1 0. That is, regardless of the state of the 8-state 

20 

FSM at T I? if the binary representation if the binary representation of that state is used as serial 
input bits to the TCM encoder followed by a serial bit having a value {0}, the end of the Trellis 
tail will be forced to the known state SO in two clock cycles. By way of example, if the state of 
the 4-state FSM at T 1 is S2, then the end of the Trellis tail can be forced to the known state SO 
by using the binary representation of that state {0,1,0} as the serial inputs to the TCM encoder 
followed by a serial bit {0}. Specifically, at time T I? X n * is forced to a value corresponding to 
the MSB of the binary representation of the state S2 {0}, and X n ° is forced to a value 
corresponding to the second MSB of the binary representation of the state S2 { 1 } . At time T 2 , 
X,/ is forced to a value corresponding to the LSB of the binary representation of the state S 1 {0} , 
and X n ° is forced to the bit {0} . 



35 



The 8-state FSM TCM encoder can be implemented in a variety of ways depending upon 
the system application and overall design constraints. By way of example, a feedback 
methodology can be employed similar to that described in connection with a 4-state FSM TCM 
encoder. An exemplary TCM encoder with feedback is shown in FIG. 1 6. A TCM encoder 1 27 
employs a feedback loop to control the input bits during the generation of the trellis tail. The 
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TCM encoder generates a triple-bit output signal comprised of bits Z n 2 , Z n \ and Z n ° which are 
transmitted from the transmitter. The 8-state FSM can be implemented using three single-bit 
wide delay registers 131, 133, and 135, two adders 137 and 139, and an interface 141. Each 
single-bit wide delay register delays the signal input to the delay register by one clock cycle 
designated by the letter "T." FIG. 16 also shows the bits S n 2 , S n ! , and S n ° that represent the 
current state of the 8-state FSM. S n 2 is the most significant bit and S n ° is the least significant bit 
of the current state. 



In operation, a double-bit data signal, comprised of bits D n * and D n °, that is part of the 
data pay load is fed into the interface 14 L In the described exemplary, the interface can be two 
switches 143 and 145, however, as those skilled in the art will recognize, the interface can be 
implemented in any fashion in accordance with the general principles described herein. Data 
signal bit D n ° is fed into an input of a first switch 143. The first switch is controlled by 
SELECTO, a signal sent from the transmit control unit. Also, bit S n l is fed into the other input 
of the first switch. When SELECTO is logic level low, the data signal bit D n ° is fed through the 
first switch becoming input signal X n °. In contrast, when SELECTO is logic level high, S n 1 is 
selected to pass through the first switch. Data signal bit D n ! is fed into an input of a second 
switch 145 which may be a multiplexer. The second switch is controlled by SELECT 1, another 
signal sent from the transmit control unit. S n 2 is fed into the other input of the second switch. 
When SELECT 1 is logic level low, the data signal bit D n ] is fed through the second switch 
becoming input signal X n * . On the other hand, when SELECT 1 is logic level high, S n 2 is selected 
to pass through the second switch. 



35 



As a result of the described operation of the exemplary TCM encoder, the most 
significant input signal bit X n * becomes the most significant bit Z n 2 of the output signal. Also, 
the input signal bit X/ becomes the output signal bit Z n \ The least significant output bit Z n ° 
equals the least significant current state bit S n °. The 8-state FSM 129 equates the least significant 
current state bit S n ° to the sum of the least significant input bit X n ° and current state bit S n ! 
delayed by one clock cycle as a result of the single-bit wide delay register 74. The 8-state FSM 
equates the S n l bit to the sum of the most significant input bit and current state bit S n 2 delayed 
by one clock cycle as a result of the single-bit wide delay register 133. Furthermore, the current 
state bit S n 2 equals the current state bit S n ° bit delayed by one clock cycle as a result of the single- 
bit wide delay register 131. 
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In this embodiment, the current state is represented by three bits S n 2 , S n \ and S n °. The two 
most significant bits S n 2 and S n * of the 8-state FSM's current state bits are fed back into the TCM 
encoder and selected as the next input signal bits X n * and X n °, respectively (in FIG. 14, the input 
signal bits X n ! and X n ° are shown adjacent each line representing a transition between states for 
the Trellis tail 122). Thus, in this embodiment, the Trellis tail is created by merely feeding back 
the two most significant bits of the 8-state FSM's current state bits as the first input signals bits 
used to generate the next state bits, and then feeding back the two most significant bits of the 8- 
state FSM's next state bits as the second input signal bits. In this manner, no matter what state 
the 8-state FSM is in at time T { the 8-state FSM winds up in state SO 92 after two clock cycles 
as shown in FIG. 14. 

As explained previously, the interface for the 4-state and 8-state FSM TCM encoder can 
be implemented in a variety of fashions to control the serial input bits to the TCM encoder during 
the generation of the Trellis tail. By way of example, the interface can be implemented with a 
multiplexer. Alternatively, the interface can be implemented with a parallel-to-serial shift 
register which loads the state of the FSM at the end of the payload and feeds serially the parallel 
loaded data into the FSM during the Trellis tail generation. During the generation of the 
preamble, payload and CRC, the data can be either clocked into a serial input to the parallel-to- 
serial shift register or multiplexed with the output of the parallel-to-serial register. The interface 
could also be implemented using a look-up table having an output that follows the data output 
from the transmitter during the preamble, payload and CRC portion of the frame, and follows the 
serial sequence of the binary representation of the state of the FSM at the end of the payload 
during the generation of the Trellis tail. Numerous other implementations will readily be 
apparent to those skilled in the art, and therefore, are within the scope of the present invention. 



FIG. 1 7 is a Trellis diagram showing another Trellis tail 1 34 that constitutes an alternative 
embodiment for an 8-state FSM 68. In this embodiment, instead of feeding back the two most 
significant bits S n 2 and S n * of the 8-state FSM's current state into the TCM encoder as the next 
input signal bits X n * and X n °, as was the case in the Trellis diagram shown in FIG. 16, the 
complement of bit S n 2 is fed into the TCM encoder and selected as the next input signal bit X n 1 
and the complement of bit S n * is fed into the TCM encoder and selected as the next input signal 
bit X n ° (in FIG. 14, the input signal bits X n * and X n ° are shown adjacent each line representing 
a transition between states). Thus, in this embodiment, the Trellis tail is created by merely 
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feeding back the complement of the two most significant bits of the 8-state FSM's current state 
bits as the first input signal bits used to generate the next state bits, and then feeding back the 
complement of the two most significant bits of the 8-state FSM's next state bits as the second 

5 input signal bits. In doing so, the 8-state FSM winds up in state S7 106 after two clock cycles 
no matter what the state of the 8-state FSM at time T v Thus, in this embodiment, if the current 
state of the 8-state FSM includes an odd number, i.e., SI 94, S3 98, S5 102, or S7, at time T„ 
then the 8-state FSM transitions to state S7 at time T 2 , and again to state S7 at time T 3 . Also, if 
the current state of the 8-state FSM includes an even number, i.e., SO 92 , S2 96, S4 100, or S6 

^ 1 04, at time T„ then the 8-state FSM transitions to state S3 at time T 2 and then to state S7 at time 
T 3 - 



Similar to FIG. 15, FIG. 1 8 is a chart that lists the current state 1 24 of the 8-state FSM 68 
at time T„ the first input bits X n * and X n ° 126 of the Trellis tail 134 that are input to the TCM 
encoder at time T„ and the second input bits X n 1 and X n ° 128 of the Trellis tail that are input to 
the TCM encoder with feedback at time T 2 . FIG. 1 8 illustrates that regardless of the state of the 
8-state FSM at T u if the complement of the binary representation of that state followed by a bit 
value {0} is used as serial input bits to the TCM encoder, the end of the Trellis tail will be forced 
to the known state S7 in two clock cycles. By way of example, if the state of the 8-state FSM at 
T x is S4, then the end of the Trellis tail can be forced to the known state S7 by using the 
compliment of the binary representation of that state {0,1,1 } followed by the bit value {0}as the 
serial inputs to the TCM encoder. Specifically, at time T ls Xj is forced to a value corresponding 
to the MSB of the complement of the binary representation of the state S4 {0}, and X n ° is forced 
to a value corresponding to the second MSB of the complement of the binary representation of 
the state S4 { 1 } . At time T 2 , X n * is forced to a value corresponding to the LSB of the compliment 
of the binary representation of the state S4 { 1 }, and X n ° is forced to the {0} bit value. 



Further embodiments of Trellis tails 32 are created by extending the above discussion to 
a TCM encoder 18 having a 2 p -state FSM, where p is an integer greater than one. The TCM 
encoder accepts an input signal represented by input signal bits X/" 2 , X/ 3 , . . . , X n * and X n ° and 
generates an output signal represented by output signal bits Zf\ Z^ 2 , . . . , Z n \ and Z n °, and the 
2 p -state finite state machine has a current state represented by current state bits S/" 1 , S/" 2 , . . , , 
S n ! , and S n ° and a next state represented by next state bits S^ 1 , S^ 2 , . . . , S^ 1 , and S n+1 ° 
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The described exemplary embodiments result in two embodiments of a Trellis tail 32 for 
each 2 p -state FSM. In one embodiment, the p-1 most significant bits of the current state bits are 
fed back into the TCM encoder 18 as input signal bits, respectively. Thus, in this embodiment, 
the Trellis tail is created by merely feeding back the p-1 most significant bits of the 2 p -state 
FSM's current state bits as the first input signal bits used to generate the next state bits, and then 
feeding back the p-1 most significant bits of the 2 p -state FSM's next state bits as the second input 
signal bits. This results in a Trellis tail that transitions the current state of the transmitter's 2 P - 
state FSM to state SO within two clock cycles regardless of the current state before the clock 
cycles. 

In operation, if the current state of the 2 p -state FSM before the clock cycles includes an 
even number, i.e., SO, S2, S4, . . . , S2 p -2, the Trellis tail 32 transitions the 2 p -state FSM to state 
SO after the first clock cycle and remain at state SO after the second clock cycle. Also, when the 
current state of the 2 p -state FSM before the clock cycles includes an odd number, i.e., S 1 , S3 , S5, 
. . . , S2 P -1, the 2 p -state FSM transitions to state S2 P_1 after one clock cycle. The next transition 
results in the 2 p -state FSM moving to state SO after the second clock cycle. Thus, the 2 p -state 
FSM winds up in state SO after two clock cycles regardless of the state of the 2 p -state FSM before 
the clock cycles. Furthermore, if the second input signal just prior to the second clock cycle is 
appended to the first input signal just prior to the first clock cycle, the p most significant bits of 
the resulting 2p-2-bit long binary number constitute the binary form of the decimal equivalent 
to the current state of the 2 p -state FSM before the first clock cycle. Also, the p-2 least significant 
bits of the 2p-2-bit number are always 0. 

Other embodiment of the Trellis tail 32, including a 2 p -state FSM where p is an integer 
that equals the number of current state bits S/" 1 , S/ -2 , . . . , S n l , and S n °, occurs where the 
compliment of each of the p-1 most significant bits of the current state are fed back into the TCM 
encoder 1 8 as the input signal bits, respectively. Thus, in this embodiment, the Trellis tail is 
created by merely feeding back the complement of the p-1 most significant bits of the 2 p -state 
FSM's current state bits as the first input signal bits used to generate the next state bits, and then 
feeding back the complement of the p- 1 most significant bits of the 2 p -state FSM' s next state bits 
as the second input signal bits. This results in a Trellis tail which transitions the TCM encoder's 
2 p -state FSM to state S2 P -1 after two clock cycles regardless of the current state before the clock 
cycles. 
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In operation, if the current state of the 2 p -state FSM before the clock cycles is an odd 
number, i.e., SI, S3, S5, . . . , S2M, the Trellis tail 32 transitions the 2 p -state FSM to state S2M 
after one clock cycle. After a second clock cycle, the 2 p -state FSM transitions again to state S2 P - 

^ 1 . In contrast, if the current state of the 2 p -state FSM before the clock cycles is an even number, 
i.e., SO, S2, S4, . . . , S2 p -2, then the next state of the 2 p -state FSM after one clock cycle is state 
S2 (p " 1} -1 . After the second clock cycle, the 2 p -state FSM transitions to state S2 P -1 . Thus, the 2 P - 
state FSM winds up in state S2 P -1 after two clock cycles regardless of the state of the 2 p -state 
FSM before the clock cycles. Also, if the second input signal just prior to the second clock cycle 

* ® is appended to the first input signal just prior to the first clock cycle, the p most significant bits 
of the resulting 2p-2 bit long binary number constitute the complement of the binary form of the 
decimal equivalent to the current state of the 2 p -state FSM before the first clock cycle. Also, the 
p-2 least significant bits of the 2p-2-bit number are always 0. 

^ Therefore, the various embodiments described herein are Trellis tails 32 having the 

unique and nonobvious feature that for a 2 p -state FSM, where p is an integer that equals the 
number of current state bits S/" 1 , S/" 2 , . . . , S n ! , and S n °, if the second input signal just prior to 
the second clock cycle is appended to the first input signal just prior to the first clock cycle the 
p most significant bits of the resulting 2p-2 bit long binary number constitute the binary form, 
or the complement of the binary form depending upon the embodiment, of the decimal equivalent 
to the current state of the 2 p -state FSM before the first clock cycle. Thus, the p-1 most significant 
bits of the 2 p -state FSM's current state, or their complements, are merely fed back into the TCM 
encoder 18 as the input data bits. In doing so, the Trellis tails, within two clock cycles, 
transitions the TCM encoder's 2 p -state FSM to one of two known states, either SO or S2M 
depending upon the described exemplary embodiment. 

Although exemplary embodiments of the present invention has been described, it should 
not be construed to limit the scope of the appended claims. Those skilled in the art will 
understand that various modifications may be made to the described embodiments. Moreover, 

30 

to those skilled in the various arts, the invention itself herein will suggest solutions to other tasks 
and adaptions for other applications. It is therefore desired that the present embodiments be 
considered in all respects as illustrative and not restrictive, reference being made to the appended 
claims rather than the foregoing description to indicate the scope of the invention. 
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